Entinostat is an oral isoform selective histone deacetylase inhibitor that targets resistance to hormonal therapies in estrogen receptor-positive (ERϩ) breast cancer. This randomized, placebocontrolled, phase II study evaluated entinostat combined with the aromatase inhibitor exemestane versus exemestane alone.
INTRODUCTION
Hormonal therapies are the foundation of estrogen receptor (ER) -positive breast cancer (BC) treatment. Because of the clinical activity and favorable adverse effect profile of hormonal agents, the standard of care typically involves sequencing hormonal agents until either resistance develops and/or visceral crises necessitate switching to chemotherapy. In postmenopausal women, aromatase inhibitors (AI) are a preferred class of antiestrogen therapy that functions by blocking endogenous estrogen synthesis. Exemestane is a steroidal AI that irreversibly binds and inactivates the aromatase enzyme with demonstrated efficacy in the metastatic setting after progression on a nonsteroidal AI (NSAI; ie, letrozole or anastrozole). 1 Developing resistance to hormone therapies in advanced BC is a significant challenge. Putative mechanisms of resistance include estrogenindependent growth, hypersensitivity to low estrogen concentrations, cyclin D1 overexpression, constitutive nuclear factor kappa B activation, upregulation of growth factor-signaling pathways, and downregulation of estrogen receptor alpha (ER␣) expression. These pathways and mechanisms provide potential targets for therapeutic interventions. Entinostat is a novel, oral inhibitor of histone deacetylases (HDAC), with high specificity toward class 1 HDACs and a unique pharmacologic profile allowing for weekly dosing. HDAC inhibition leads to elevated protein lysine acetylation in tumor and peripheral-blood cells, which serves as a surrogate potential pharmacodynamic marker of activity. Entinostat's class 1 specificity distinguishes it from the US Food and Drug Administration-approved HDAC inhibitors (HDACi) vorinstat (Zolinza; Merck, Whitehouse Station, NJ) and romidepsin (Istodax; Celgene, Summit, NJ). Preclinically, entinostat inhibits ER␣-positive tumor growth and restores hormone sensitivity as a result of the downregulation of estrogen-independent growth factor signaling pathways, normalization of ER␣ levels, and increases in aromatase enzyme levels. 2, 3 We hypothesized that combining entinostat with exemestane in ERpositive breast cancer could overcome hormone therapy resistance, thereby sensitizing cells to antiestrogen therapy with exemestane.
PATIENTS AND METHODS

Study Design
This was a phase II, randomized, double-blind, placebo-controlled study of exemestane Ϯ entinostat in patients with locally advanced or metastatic BC whose disease had progressed while taking an NSAI. One hundred thirty patients were enrolled onto the study between June 2008 and July 2010 at 38 sites in North America, Central Europe, and Russia. All patients provided written informed consent. Patients were randomly assigned using a blocked randomization scheme 1:1 to exemestane plus entinostat (EE; n ϭ 64) or exemestane plus placebo (EP; n ϭ 66). Randomization was stratified by prior NSAI treatment setting (adjuvant/metastatic), metastases in bone only (yes/ no), and geographic region (North America/Central Europe and Russia). The randomization schedule was prepared and maintained by an independent statistical service provider. The protocol allowed approximately 20% of patients with nonmeasurable disease to enroll. Treatment with exemestane 25 mg by mouth once daily plus entinostat 5 mg or placebo by mouth once weekly continued until progressive disease (PD) or unacceptable toxicity.
Eligibility
Postmenopausal women with ER-positive BC (as determined locally) who were experiencing disease relapse or progression while receiving an NSAI were eligible. Either patients had relapsed after adjuvant NSAI treatment administered for at least 12 months or their disease had progressed after NSAI treatment administered for at least 3 months in the metastatic/advanced setting. One prior line of chemotherapy in the metastatic setting was permitted if administered before the most recent NSAI. Within 4 weeks before starting study treatment, patients must have had at least one measurable lesion (Ն 20 mm by conventional techniques or Ն 10 mm by spiral computed tomography scan); or in the case of bone-only metastases, patients needed a positive bone scan confirmed by magnetic resonance imaging or positron emission tomography-computed tomography. Additional requirements included an Eastern Cooperative Oncology Group performance status of 0 or 1; adequate hematologic parameters; and creatinine, AST, and ALT less than 2.5 times the upper limit of normal. Patients with prior exemestane, entinostat, or any other HDACi were excluded.
Procedures and Treatment
Treatment cycles were 28 days. Patients were evaluated on days 1, 8, and 15 during cycle 1 and on day 1 of all subsequent cycles. Peripheral blood samples were taken in a subset of patients before and after dosing on days 1, 8, or 15 of cycle 1. Patient/disease response assessments were performed on day 22 of cycle 2 and every other cycle thereafter. After completing study treatment, patients entered into post-treatment follow-up for evaluation of overall survival and subsequent therapies. Patients were to be observed until death, withdrawal of consent, or study closure by the sponsor.
Assessments
Safety assessment. Safety was assessed via adverse events (AEs; using the National Cancer Institute Common Terminology Criteria for Adverse Events, version 3.0), ECGs, hematology and serum chemistries, Eastern Cooperative Oncology Group performance status, and vital signs.
Efficacy assessment. Disease was evaluated using Response Evaluation Criteria in Solid Tumors (RECIST), version 1.0. Contrast-enhanced CT scans were obtained at baseline, every other cycle for 12 months, and every third cycle thereafter. PD also was assessed by bone scan and clinical symptoms, as appropriate.
End points. The primary end point was progression-free survival (PFS), defined as number of months from random assignment to documented PD or death as a result of any cause. Secondary end points included overall response (OR; complete response plus partial response) and clinical benefit rates (CBR; OR plus stable disease for Ն 6 months). Overall Survival (OS) was an exploratory end point. Predefined subgroups included NSAI sensitive (patients who had a complete response, partial response, or stable disease for 6 months preceding NSAI therapy in the advanced setting or who relapsed at least 1 year after completing NSAI therapy in the adjuvant setting) and NSAI resistant (all other patients).
Exploratory Pharmacodynamics
Protein lysine acetylation was measured by multiparameter flow cytometry 4 in peripheral blood mononuclear cells (PBMCs; CD19ϩ B cells, CD3ϩ T cells, and CD14ϩ monocytes) that were collected pre-and post-treatment on days 1, 8, and 15 of cycle 1 to explore the association with PFS.
Statistical Methods
Chia et al, 1 reported a median PFS of 3.7 months with exemestane in the treatment of advanced BC demonstrating PD or recurrence following NSAI therapy. It was hypothesized that adding entinostat to exemestane would increase median PFS by 2.3 months (ie, from 3.7 to 6.0 months), corresponding to a target hazard ratio (HR) of 0.62. For primary analysis of PFS, a total of 77 progression events were required to detect such an improvement in the HR with Ն 80% power, one-sided significance level of .10, and log-rank test. A total of 92 events were required for 85% power, and 112 events were required for 90% power. The initial type 1 and 2 error rates chosen and the size of targeted treatment effect are consistent with Rubenstein 5 and Korn 6 for phase II screening studies.
PFS was summarized descriptively using the Kaplan-Meier method 7 and was reported based on 116 progression events as of March 2012 (Appendix [online-only]). The HR was estimated from a stratified Cox proportional hazards model, with placebo serving as the reference in the calculation. The primary inferential comparison between groups was made using the log-rank test, stratified by the three randomization factors. For patients who died before PD documentation, date of death was used as the PD date. Duration of PFS was right-censored at last disease assessment for patients who started nonprotocoldefined anticancer therapy, were lost to follow-up, or did not have documentation of PD. Multivariate Cox models were used to determine whether the reduced hazard rate for PFS and OS attributed to entinostat in the univariate model was still present after accounting for patient-, disease-, and prior treatment-related factors. The OR and CBR estimate determinations are described in the Appendix. Efficacy analyses were performed using the intentionto-treat population, defined as all randomly assigned patients. All reported P values are two-sided and levels Յ .05 are regarded as statistically significant, except for the primary PFS end point, which was evaluated using a one-sided test and used a .10 threshold for significance. Safety analyses were performed using the safety population (all patients who received Ն one dose of entinostat/ placebo). Safety was assessed by an independent data safety monitoring board. All participating investigators and patients remain blinded to the assigned study treatment, as post-treatment follow-up for OS is continuing.
Association of PFS with degree of change in protein lysine acetylation from baseline in PBMCs was evaluated as an exploratory, posthoc analysis using the Cox proportional hazards model (Appendix). 
RESULTS
Patient Characteristics
A total of 130 patients were randomly assigned, 64 to EE and 66 to EP (Fig 1) . Treatment groups were generally well balanced (Table 1) with the exception of visceral disease (EE, 53% v EP, 67%), median duration since initial BC diagnosis (EE, 7.9 years v EP, 4.6 years), and median duration since diagnosis of advanced BC (EE, 19.5 v EP, 17.2 months).
Of the 130 patients randomly assigned, 85 (EE, n ϭ 45; EP, n ϭ 40) met the study-specified definitions of NSAI sensitivity (see End Points section). Of the NSAI-sensitive group, one patient's disease had progressed after adjuvant NSAI and 84 patients' disease had progressed after metastatic NSAI. Forty-five patients (EE, n ϭ 19; EP, n ϭ 26) were NSAI-resistant; 18 patients had PD after adjuvant NSAI and 27 had PD after metastatic NSAI.
Efficacy
In the intention-to-treat population, median PFS was 4.3 months for the EE group versus 2.3 months for the EP group (Fig 2A; Table 2 ), with an HR of 0.73 (95% CI, 0.50 to 1.07; one-sided P ϭ .055; twosided P ϭ .11; significant according to prespecified design criteria). PFS benefit in favor of EE was consistent across all subgroups of prognostic importance (Fig 3) , including patients with acquired resistance (NSAI-sensitive, n ϭ 85; HR, 0.85) and primary resistance (NSAI-resistant, n ϭ 45; HR, 0.47). The OR and CBR were similar for the EE and EP groups (OR, 6.3% and 4.6%, respectively; CBR, 28.1% and 25.8%, respectively; Table 2 ). Median OS was 28.1 months for the EE group and 19.8 months for the EP group (HR, 0.59; 95% CI, 0.36 to 0.97; P ϭ .036; Fig 2B; Table 2 ) with the incidence of death at 42% for the EE group and 65% for the EP group. Multivariate analyses indicated the favorable PFS and OS outcomes for EE versus EP were preserved when adjusted for baseline factors, including visceral disease and duration of diagnosis of advanced BC.
Safety
A total of 129 patients (EE, n ϭ 63; EP, n ϭ 66) were in the safety population. One EE patient withdrew from study before receiving treatment. Compared with the EP group, the EE group had a higher rate of AEs (95% v 85%), grade 3 AEs (44% v 23%), grade 4 AEs (6% v 3%), AEs leading to dose modification (35% v 6%), and AEs leading Progression-Free Survival (probability)
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to study discontinuation (11% v 2%), irrespective of study drug relationship. AEs leading to the majority of EE dose modifications included neutropenia (14%), thrombocytopenia (14%), and fatigue (6%). AEs leading to EE study discontinuation included two patients owing to nausea and vomiting and one patient each owing to neutropenia, worsening weakening in extremities, hypoxia and radiation pneumonitis, fatigue, and mucositis. One EP patient discontinued study treatment owing to fatigue, anemia, thrombocytopenia, and leukopenia. The entinostat AE profile was consistent with previous clinical experiences. 8, 9 The most frequent AEs occurring in the EE group (Ͼ 15% of patients; Table 3) were fatigue, nausea, neutropenia, peripheral edema, vomiting, anemia, dyspnea, thrombocytopenia, decreased weight, diarrhea, and pain. Neutropenia was most commonly attributed to entinostat (13 of 19 patients; 68%). The incidence of serious AEs was similar (EE, 16%; EP, 12%). Four EE patients (6%) each experienced a grade 4 AE, including fatigue, leukopenia, neutropenia, and hypercalcemia. One fatal AE occurred in each treatment arm; the EE arm event was considered related to PD.
Biomarker Analysis
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www.jco.org across all cell types tested: 8.5 months for high acetylators versus 2.7 months for low acetylators (B cells; HR, 0.32; 95% CI, 0.13 to 0.79; Fig  4) , 6.6 months for high acetylators versus 3.6 months for low acetylators (T cells; HR, 0.44; 95% CI, 0.18 to 1.08), and 6.2 months for high acetylators versus 3.6 months for low acetylators (monocytes; HR, 0.50; 95% CI, 0.21 to 1.20). Plasma entinostat concentrations at time points used for acetylation evaluation were generally at or below the assay detection limit (Ͻ 0.5 ng/mL), preventing correlation between entinostat concentration and acetylation status.
DISCUSSION
In vitro studies have demonstrated that HDAC inhibitors enhance the activity of and restore sensitivity to hormonal therapies in ER-positive cell lines. 10, 11 In our randomized phase II study, which was designed as a screening study to identify signals of clinical activity for combining entinostat with exemestane, adding entinostat to exemestane improved clinical outcomes in postmenopausal patients with ERpositive advanced BC who demonstrated PD on previous NSAI. The risk of disease progression was reduced by 27%, translating into a 2-month prolongation of median PFS. Importantly, the PFS benefit in the EE arm was consistent across all subsets of prognostic importance, including the subset with primary NSAI-resistant disease in which a differential treatment effect (HR, 0.47) was observed relative to the NSAI-sensitive subgroup (HR, 0.85). Both human epidermal growth factor 2 (HER2) and lack of ER expression have been implicated as causes of primary resistance to hormonal therapies. Through downregulation of HER2 and induction of ER expression, entinostat has effectively targeted both of these resistance mechanisms in preclinical studies. Restoration of ER expression and estrogen dependency confers sensitivity to not only ER-targeted therapies but also to AIs. Clinically, agents targeting HER2 signaling have resulted in promising outcomes when combined with AIs, particularly in tumors expressing both HER2 and ER. 12 More recently, targeting activated growth factor signaling by inhibiting mammalian target of rapamycin has also effectively extended the benefit of exemestane in ER-positive postmenopausal BC progressing on a prior NSAI. 13 The outcome of 2.3 months in the exemestane-only arm was in the low range of expected values and lower than the 3.7 months observed for exemestane in the Evaluation of Faslodex Versus Exemestane Clinical Trial (EFECT) study and 3.2 months in the BOLERO-2 (Breast Cancer Trials of Oral Everolimus-2) study. Unlike the EFECT trial however, prior fulvestrant was permitted in our trial. In addition, though we have not identified a specific patient characteristic that drives the differences, our specific criteria of having patients enter our study directly when their disease demonstrated progression on prior nonsteroidal AI may have skewed the patient population to patients with generally more AI-resistant tumors. The randomized, placebo controlled phase II design was essential in our ability to observe a treatment effect of entinostat combined with exemestane and reflects the value of this type of screening design.
Additional secondary end points including response rate and clinical benefit rate did not demonstrate a significant difference between EE versus EP. Interestingly, overall survival, an exploratory end point, was prolonged in the EE arm versus the EP arm (28.1 v 19.8 months; HR, 0.59; 95% CI, 0.36 to 0.97; P ϭ .036). Although an effect of minor imbalances in patient and/or disease characteristics cannot be excluded, multivariate analyses indicated the favorable PFS and OS outcomes for patients randomly assigned to receive EE versus EP were preserved when adjusted for baseline factors, including visceral disease and duration of diagnosis of advanced BC. In addition, a detailed examination of the poststudy treatment therapies prescribed in the follow-up period indicates no apparent differences between treatment arms. It is plausible that the prolonged OS benefit relative to PFS may be attributable to longer-term effects of entinostat on tumor phenotype, cancer stem cell, or progenitor cell pool, and sensitization to subsequent poststudy treatments.
HDAC inhibitors have been studied in a number of tumor indications and combinations, and investigators commonly measured histone acetylation as a surrogate marker of HDACi activity. To date, this measurement has not been successfully linked to clinical outcome. In our study, analysis of protein lysine acetylation in pre-and posttreatment samples collected in a subset of 49 patients demonstrated that hyperacetylation of protein lysines in PBMCs was associated with improved clinical outcome, as shown by the prolonged PFS in hyperacetylators versus low acetylators. Elevated levels of protein lysine acetylation maintained in certain patients despite entinostat levels at or below the level of detection at the time of sampling seem to reflect the durability and potency of the pharmacodynamic effects that low sustained concentrations of entinostat can elicit.
The AE profile of entinostat in our study was consistent with previous clinical experience and noted HDACi class effects. [14] [15] [16] [17] [18] [19] [20] [21] These consisted of fatigue, gastrointestinal disturbances, and hematologic toxicities and were easily addressed by entinostat dose reductions or interruptions, with only one patient using growth factor support for neutropenia. Though cardiovascular and electrocardiographic effects including QT (interval corrected for heart rate) prolongation have been previously reported with HDACi, [22] [23] [24] [25] [26] in our study, 31% of the population had previously Progression-Free Survival (probability)
Time (months) received an anthracycline and the incidence of reported cardiac disorders was similar on the EE and EP arms (17% v 15%, respectively). Among EE-treated patients, the most common cardiac disorders were tachycardia and myocardial ischemia (each 5%) and sinus tachycardia (3%); all events were grade 1 or 2 and most were unrelated to entinostat.
Limitations of this study include the lack of tissue collection before study entry. Clearly centralized ER, progesterone receptor, HER2, and tumor proliferative assessments would have potentially aided in linking the observed clinical benefit to molecular subsets of BC, allowing potential further refinement of treatment strategies and patient selection opportunities. Confirmatory studies will include tissue analyses. An additional limitation was the inability to correlate changes in PBMC protein lysine acetylation with entinostat plasma levels or intratumoral effects. Ongoing clinical pharmacology studies will provide insight into the relationship between entinostat concentrations and pharmacodynamic effects. Finally, though the data warrant confirmatory phase III studies, the limitations inherent in the screening nature and size of the randomized, phase II design employed in our study do not allow for conclusive evidence of clinical benefit. In conclusion, adding entinostat to exemestane prolonged PFS and OS in postmenopausal women with ER-positive advanced BC that had progressed after treatment with an NSAI. These results demonstrate for the first time that the addition of an epigenetic therapy (ie, entinostat) to antiestrogen therapy may be an effective approach to targeting resistance pathways in BC, particularly in hormone-positive disease. Although entinostat added toxicity to the hormone therapy, it was felt to have an acceptable safety profile for this patient population. More importantly and for the first time, an association of HDAC inhibition with entinostat-induced protein lysine acetylation and improved clinical outcomes was demonstrated in a subset of patients. These data support the continuing development of entinostat in BC as well as in other solid tumors, with plans for confirmatory studies underway. 
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